We demonstrate that highly surface-sensitive supersonic rare-gas (He, Ar, and Xe) atom scattering, in both the quantum and classical regimes, can probe and quantify the interlayer interactions between graphene monolayers and metal substrates in terms of the Debye temperature corresponding to the surface normal vibration, and the surface effective mass. As models of the strongly and weakly interacting graphene, we investigated two systems, graphene on Ru(0001) and Pt (111), respectively. The experimental data for Ar and Xe are compared with the results from theoretical simulations based on the classical smooth surface model. For gr/Pt(111) we find that the scattering pattern of the rare-gas beam, including the Debye-Waller attenuation of the He beam, are quite similar to that from highly oriented pyrolytic graphite (HOPG); this suggests that the graphene-Pt (111) interaction is much like a van der Waals interaction. On the contrary, for the gr/Ru(0001) system, we find a smaller Debye-Waller attenuation and a larger surface effective mass, indicating that graphene on Ru(0001) is tightly bonded to the substrate. Furthermore, asymmetrical spectral shapes in the Ar and Xe scattering spectra from gr/Ru(0001) are interpreted as a result of the lateral distribution of the interlayer interaction corresponding to the moiré pattern. It is found that the "valley" region of the moiré pattern has high effective mass reflecting stronger bonding to the substrate, contributing to the high reflectivity of the He beam reported for this system. On the other hand, the effective mass of the "hill" region is found to be similar to that of HOPG, indicating that this region is well decoupled from the substrate. These results demonstrate a unique capability of atom scattering to probe and evaluate the molecule-substrate interaction and its spatial distributions.
I. INTRODUCTION
Interactions between organic semiconductors and metal electrodes are a central issue in organic electronics because these interactions determine carrier injection and transport in organic devices. It is important to understand the basic aspects of interlayer interactions using well-defined model systems. However, since the interaction between an organic molecule and the substrate is usually weak, conventional probes, such as x-ray scattering and high-energy electron diffraction, become highly destructive. One of the few ideal probes for the investigation of fragile organic layers is supersonic rare-gas atomic beam scattering, in which the typical beam energy is in the range of ten to several hundred meV [1] . In particular, lowenergy elastic and inelastic He-atom scattering exhibits a high level of surface sensitivity and has been used for determining structural and vibrational properties of molecular adsorbates, which is not easy using other conventional techniques [2] [3] [4] . In this paper we use this sensitivity to obtain information about the weak interactions between substrates and a molecular overlayer through the detection of perpendicular vibrations of the molecular layer.
In the quantum mechanical scattering of a He-atom beam from an ordered molecular layer in which many atoms undergo elastic scattering (diffraction), vibrations of surface molecules reduce the coherence of scattered waves. The resulting thermal * yamada@bk.tsukuba.ac.jp attenuation of the diffraction intensity, known as Debye-Waller (D-W) attenuation, contains information about the vibration of the surface and can give the surface Debye temperature. For He-atom scattering at the specular diffraction peak, the D-W attenuation can be written, in the standard approximation including a Beeby correction for the potential well depth [5] , as
Here m and M S are the effective masses of the projectile and surface atom, respectively, E ⊥ is the energy of the incident beam corresponding to the motion in the surface normal direction, D is the attractive potential well depth, T S is the surface temperature, and θ Dn is the surface Debye temperature. It is known that surface vibrational modes with large displacements in the surface normal direction, such as the Einstein mode of surface adsorbates, contribute significantly to diffuse scattering. Consequently, in He-atom scattering, the surface Debye temperature in Eq. (1) reflects the normal vibrational modes of the molecular layer [6] . Thus we denote the Debye temperature as θ Dn in this paper.
Since vibrational modes polarized in the surface normal direction are largely determined by the force constant in molecule-substrate bonding, the θ Dn determined from (1) contains a fingerprint of molecule-substrate interactions. In contrast, the specific nature of vibrations in the molecular layer becomes less important in classical inelastic scattering, which is readily realized in heavier rare-gas atomic beams, such as Ar, Kr, and Xe. Nevertheless, it is known that the surface normal vibration makes a large contribution to the classical scattering processes of rare-gas atoms. In this case, the peak position and spectral shape of the scattered atomic beam directly reflects information on the vibration of the overlayer. In this article we analyze inelastic scattering using a classical theory of heavier rare-gas scattering, namely the smooth surface model (SSM) [7] [8] [9] [10] [11] . The SSM describes scattering from a flat potential energy surface with vibrationally induced corrugation due to the vibrational motions of the surface atoms. This model has been used to successfully explain the scattering pattern and energy accommodation not only for flat surfaces but also for highly disordered liquid metals and metal alloys [11] . The differential reflection coefficient in the SSM is given by
where k B is the Boltzmann constant, v R is a weighted average of phonon velocities at the classical turning point of the beam [12, 13] , |τ f i | 2 is the scattering form factor, and E 0 is the recoil energy, which is given by m 2 (u f − u i ) 2 /2M S . In the present study the aforementioned sensitivity of elastic and inelastic rare-gas atom scattering to the surface-normal vibration of the overlayer is utilized to probe information about graphene-substrate interactions which is the well-defined model system. By measuring the surface Debye temperature and the surface effective mass of the graphenes, based on quantum mechanical and classical rare gas atom scattering, respectively, we are able to access and quantify the interlayer bonding, which would be quite difficult to probe using other conventional probes. This is a rather intuitive way to sense the "hardness" or "stiffness" of the graphene layers by "knocking on" them with inert projectiles. For this purpose we focus on single-layer graphene on different substrates as well-defined model systems having different interlayer interactions. We use single-layer graphene on Ru(0001) and Pt(111) [i.e., gr/Ru(0001) and gr/Pt(111)] as models of strongly and weakly interacting graphenes, respectively. The results of rare-gas scattering from these graphenes are compared to that from HOPG, which serves as a reference for nearly freestanding graphene supported by the van der Waals interaction. Graphene on Pt(111) is known as the model of nearly freestanding graphene [14] [15] [16] [17] [18] [19] [20] [21] . Density functional theory (DFT) calculations have shown that the graphene-substrate distance of gr/Pt(111) is approximately 3.3Å, which is nearly the same as the 3.354Å interlayer distance in HOPG [14, [18] [19] [20] . Core-level photoemission has also shown nearly unaltered C1s spectra [11] , suggesting that the graphene is indeed nearly freestanding on the Pt(111) substrate. In contrast, gr/Ru(0001) has a huge corrugation on the surface (a moiré corrugation), reflecting a lateral mismatch in the interlayer interaction [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
It has been reported that the interlayer distance of the "hill" region of the moiré corrugation is 3.3-3.7Å and that of the "valley" is around 2.2Å [24, 26, 28, 34] . It has also been reported that the electronic state of graphene on Ru(0001) is greatly altered, which reflects stronger bonding to the substrate [33] .
Although graphene overlayers on Ru(0001) and Pt(111) (and HOPG) should have similar "lateral" bonding due to strong C-C bonds, their "perpendicular" bonding to the substrate, to which the atom scattering is sensitive, differs depending on the substrates. We indeed find that rare-gas scattering from graphene on the two substrates clearly differs, reflecting the different natures of interlayer interactions. The scattering spectra from gr/Pt(111) are similar to those from HOPG, suggesting the freestanding nature of graphene. However, gr/Ru(0001) exhibited significantly different features, such as a large surface Debye temperature and a large surface effective mass, indicating that the graphene on Ru(0001) exhibited a stiffer surface due to its strong bonding to the Ru(0001) substrate. We also found that Ar and Xe scattering spectra from gr/Ru(0001) exhibit significant asymmetries in their angular distributions, possibly reflecting the lateral distribution of the interlayer interaction corresponding to the moiré corrugation. It is found that the valley region of the moiré pattern on gr/Ru(0001) has a high effective mass reflecting stronger bonding of graphene to the substrate. This is attributable to the high reflectivity of He beam scattering reported for this system [35, 36] . On the other hand, the effective mass of the hill region is found to be similar to that of HOPG, indicating that this region is well decoupled from the substrate and supported by van der Waals force. The present results suggest the "lateral resolution" of the atom scattering for the distribution of the force constant to be approximately 3 nm, at least. It is thus demonstrated that atom scattering in both the quantum mechanical and classical regimes can probe and evaluate molecule-substrate interactions and their lateral distributions.
II. EXPERIMENTAL DETAILS
All the experiments were conducted with a supersonic molecular beam apparatus whose details are described elsewhere [37] . Supersonic atomic beams of He and Ar were generated by a jet nozzle with a 50-μm diameter aperture. The incident translational energy of the rare-gas beam was controlled by adjusting the nozzle temperature and by mixing with a carrier gas. We used pure He gas without seeding for the He-atom scattering measurements; translational energies ranged from 11 to 67 meV, depending on the temperature of the nozzle. Ar and Xe were seeded with He at a mixture ratio of 1:9, resulting in translational energies of 340 meV for Ar and 504 meV for Xe at a nozzle temperature of 300 K. He, Ar, and Xe scattering spectra were measured by rotating the sample with the angle between incident beam and detector fixed at 90°.
Single layers of graphene on Pt(111) and Ru(0001) were formed by thermal cracking of backfilled ethylene at the surface with temperatures of 1100 and 1300 K, respectively. A clean HOPG surface was prepared by cleaving the crystal in air before transfer to an ultrahigh vacuum (UHV) chamber. The formation of graphene was examined by lowenergy electron diffraction (LEED) and scanning tunneling microscopy (STM). The sample temperature was measured with a thermocouple attached directly to the sample. Most scattering measurements (except the D-W attenuation measurements) were conducted using the sample at room temperature.
III. RESULTS AND DISCUSSION

A. HAS of graphene layers
The graphene layers were characterized by He diffraction and LEED measurements. Figures 1(a)-1(c) display the He diffraction spectra and the LEED images from gr/Ru(0001), gr/Pt(111), and HOPG, respectively. For all spectra, the incident energy of the He beam was set to 67 meV. The LEED images for graphene on Ru(0001) and Pt(111) agree with those in previous reports. The LEED image for gr/Ru(0001) shows clear diffraction spots from the moiré pattern [23, 30] . In the He diffraction spectrum, small but distinct diffraction peaks due to the moiré pattern appear at about half a degree on either side of the specular peak at 45°(parallel k vector of ±0. addition to 1 × 1 diffraction peaks due to the graphene lattice, the figure exhibits several fractional-order diffraction peaks due to moiré periodicity. The presence of well-defined moiré corrugation also appears in the STM image of the same sample, as shown in Fig. 2(b) . These observations verify the formation of a high-quality, single-layer graphene.
The equicharge density surfaces of the gr/Ru(0001) at the turning point of the He, Ar, and Xe beams with conditions used in this study are shown in Fig. 2(c) . The charge density plot was calculated by Campi et al., by means of density functional theory (DFT) calculations within the local density approximation (LDA) [38] , The plot shows the line profile across the center of the moiré unit cell. The vertical axis shows the relative height of the classical turning points from the carbon atoms in the flat area (valley region) of the moiré corrugation. It is found that the corrugation of the charge density shows a bump of approximately 1.5Å for all the projectiles. It is also found that the shape of the charge-density surface does not depend significantly on the charge density relevant to this study ranging from 0.00004 to 0.0006 e/a 3 0 . It is noted that, in our fixed source-sample-detector geometry of the scattering measurements, the incident condition depends on the scattering angle. Therefore, projectiles are reflected from slightly different charge-density surface within one spectrum. However, this effect is considered to be negligible in the present study where the shape of the charge-density surface is almost independent of the actual value of the charge density.
The LEED image of gr/Pt(111) shows a slightly segmented ring pattern in addition to the 1 × 1 spots of the Pt(111) lattice, suggesting the presence of rotated domains as a result of a weak interlayer interaction [14, 20, 39, 40] . The He diffraction spectra of gr/Pt(111) and gr/Ru(0001) differ significantly. The specular reflection intensity of the He beam from gr/Ru(0001) was much larger than those from gr/Pt(111) and HOPG. In addition, the inelastic background due to diffuse scattering of He was smaller for gr/Ru(0001), while it was predominant in the He diffraction spectra of HOPG and gr/Pt(111). These clear differences in He diffraction spectra may initially appear to be somewhat surprising because the topmost layer of these systems, to which the He beam is sensitive, was graphene for all samples. However, these differences in the He diffraction spectra mainly reflect differences in interlayer interactions. From the above observations, it can be surmised that graphene on Ru(0001) is much "stiffer" and "harder" than the other graphenes. In contrast, He diffraction from gr/Pt(111) is very similar to that from HOPG. This similarity indicates that the interaction between graphene and Pt(111) is much more like a van der Waals interaction as it is in HOPG.
B. Surface Debye temperatures
To investigate the differences in interlayer-interactions of these graphene systems in a more quantitative way, we evaluated the surface Debye temperatures (θ Dn ) corresponding to the surface-normal vibrations of graphene, based on D-W attenuation measurements of the specular He diffraction intensity. Figure 3 shows the logarithmic D-W attenuation plots of the specular reflection of each He beam as functions of surface temperature for the three graphene systems. For all the measurements, the He incident energy was set to 67 meV. To determine the Debye temperature using Eq. (1), we used a "standard" value of the surface attractive potential well depth D of 16 meV, according to previous studies [4, 11, 41] . Note that, in Fig. 3 , the specular intensities are normalized at the values for room temperature. Figure 3 shows that the decay of the specular intensity from gr/Ru(0001) clearly differs from that of HOPG and gr/Pt(111), while gr/Pt(111) shows similar D-W attenuation to that of HOPG. This may suggest that gr/Ru(0001) has a larger θ Dn than the other graphenes, while those of gr/Pt(111) and HOPG are similar. Note that the Debye temperature considered here is one corresponding to the surface-normal vibration to which He is particularly sensitive, not the one corresponding to the C-C bonds in the graphene which should be nearly constant for the three systems.
However, there is a well-known problem with such an assumption which is clear from Eq. (1) where it is seen that the squared Debye temperature appears multiplied by the surface effective mass. Thus an unambiguous determination of the Debye temperature can be made only if the crystal mass M S is known, which is not necessarily the case for composite or molecular surfaces such as those considered here. Nevertheless, if it is assumed that the mass M S is 12 amu, corresponding to the mass of a single carbon atom, the θ Dn values deduced from the slope of the Debye-Waller attenuation based on (1) are 1130 ± 50, 580 ± 70, and 480 ± 70 K for gr/Ru(0001), gr/Pt, and HOPG, respectively. These values of θ Dn agree with previous reports using the same technique [4, 36, 41] . Despite the ambiguity associated with determination of the crystal mass, it is clear that the θ Dn of gr/Pt(111) is similar in value to the HOPG within the uncertainty, but that of gr/Ru(0001) is significantly larger, approximately twice as large as that of the other two graphenes.
C. Surface effective masses from Ar scattering
The ambiguity in the effective crystal mass can be alleviated by carrying out measurements of atom-surface scattering in the classical regime. This is seen from Eq. (2) where the effective mass appears independently and there is no association with the Debye temperature. The Debye temperature does not appear in Eq. (2) because it is in the classical limit of large numbers of phonons excited in the collision, and because the number of phonons transferred is large, all quantum coherence is lost and even the explicit nature of the phonon density becomes unimportant. However, Eq. (2) can be derived starting from fundamental quantum principles and then taking the classical limit of large numbers of phonon quanta, in which case the derivation demonstrates that the crystal mass appearing in the Debye-Waller factor of Eq. (1) is identical to the mass appearing in the classical scattering transition rate of Eq. (2) [12, 13] . Thus, the mass ambiguity problem associated with evaluations of the Debye temperature via thermal attenuation measurements of diffraction peaks can be lifted by determining the effective mass from independent measurements of scattering spectra taken under classical conditions in which all diffraction is suppressed. is an independent measurement of the effective mass for He atom scattering, but this would require incident energies and/or surface temperatures much larger than is possible with the current experimental apparatus. However, the classical measurements with Ar and Xe, in addition to determining the effective mass, provide further evidence of the distinctly different nature of the gr/Ru(0001) system as compared with the somewhat similar nature of the graphene bonding to Pt(111) and HOPG. Figure 4 shows Ar scattering spectra from gr/Ru(0001), gr/Pt(111), and HOPG, which were obtained for an Ar beam with a translational energy of 340 meV. The figure shows a clear difference between the Ar scattering spectra from gr/Ru(0001) and gr/Pt(111), while the scattering spectrum from gr/Pt(111) is similar to that of HOPG. Ar scattering from gr/Pt(111) and HOPG exhibits broad and symmetric peaks centered at the final scattering angle of approximately 53°. In contrast, gr/Ru(0001) produces a rather sharp and intense peak at a scattering angle of approximately 47°, which is rather close to the specular position. This indicates that the projectile feels a much heavier effective mass for gr/ Ru(0001). To extract the effective masses for each sample, we utilized a simulation based on the smooth surface model of Eq. (2). In the fitting process we took the effective mass M S and v R as variable parameters. The dashed curve in Fig. 4(a) and solid curves in Figs. 4(b) and 4(c) show results from the simulation using the SSM. The experimental spectra of gr/Pt(111) and HOPG are well reproduced by the SSM, but the fitting is significantly less good for the case of gr/Ru(0001). From the best fit of each spectrum, we deduced the effective masses to be 281, 94, and 90 amu for gr/Ru(0001), gr/Pt(111), and HOPG, respectively. The calculations were not strongly sensitive to the value of v R which was taken to be 2000 m/s for all calculations shown, a value consistent with previous results for Ar and Xe scattering from molten metals [11] . Increasing or decreasing v R by a factor of 50% changes the calculations almost imperceptibly.
It is immediately evident that the deduced surface effective masses are significantly larger than the single carbon mass, suggesting that a collective interaction takes place in the Ar-graphene collision. The effective mass of 90 amu for HOPG suggests that the single Ar atom interacts with 7.5 carbon atoms, corresponding to the mass slightly larger than that of one benzene ring. The similar effective mass found for gr/Pt(111) indicates that the topmost graphene layers in these systems are almost equivalent and that they are almost freestanding or supported by the van der Waals force as in the case of HOPG. On the other hand, the effective mass of gr/Ru(0001) is considerably larger than the other graphenes. The mass 281 amu can be considered, for example, as equivalent to one benzene ring plus two Ru atoms underneath the graphene layer. This much larger effective mass of gr/Ru(0001) can be considered to be a fingerprint for strong bonding of graphene to the substrate and is responsible for the apparent high value of θ Dn deduced from the D-W attenuation of the diffracted He beam. Previous studies of rare-gas and diatomic molecular scattering from clean Ru(0001) have revealed a large effective mass. An analysis of the energy-resolved spectra of Ar scattering from Ru(0001) [42, 43] as well as scattering of N 2 molecules from similar Ru(0001) [44, 45] gave for both projectile particles an effective mass of approximately 2.5 Ru atoms. Based on the analysis of those two systems it was proposed that the Ru(0001) surface would present a large effective mass for the scattering of all the rare gases and even for other projectiles [46] . The implication of this prediction, as seen from the Debye-Waller factor of Eq. (1), is that under quantum mechanical conditions the diffraction peaks for scattering of light rare gases such as He or Ne would have a much weaker than expected thermal attenuation, i.e., they would have a much larger than expected elastic reflectivity. Such a large elastic reflectivity has indeed been observed for He scattering from Ru(0001) [47] and also subsequently for He scattering from graphene covered Ru(0001) [36] .
D. Two-mass simulations using SSM
As shown by the dashed curves in Fig. 4(a) , the spectral shape of Ar scattering from gr/Ru(0001) is not completely reproduced by the SSM. The experimental spectral shape exhibits noticeable asymmetry with respect to the peak maximum, the sort of asymmetry that can be fitted with two Gaussian-like peaks with one shifted in position and much smaller than the principle peak. Recognizing that the hexagonal hill-and-valley shape of the graphene moiré corrugation may well lead to stronger bonding in the valley regions and weaker bonding in the hill regions suggests that the effective mass may in fact vary across the moiré unit cell. In order to simulate such an effect we make the simple assumption that the moiré unit cell consists of a mixture of two regions with different effective masses. Under this assumption we have fitted the spectra with two components, the first being the SSM with the same effective mass and a second component with a smaller effective mass similar to that found for the case of scattering from HOPG, i.e., 90 amu. For Ar scattering from gr/Ru(0001) the dotted curve shown in Fig. 4(a) shows the contribution of this second component normalized to 0.35 in intensity with respect to the mass 281 amu SSM component, and the solid curve is the combined intensity of the sum of the two components. The combined intensity matches the asymmetry in the data quite well, suggesting that the hill-like region of the graphene is nearly freestanding and exhibits an effective mass that is close to HOPG. In contrast, the valley-like region is tightly bonded to the substrate and exhibits increased effective mass. From the fitting process, the intensity ratio of the two components with effective masses of 281 and 90 was deduced to be 0.74:0.26. This ratio can be considered to be a measure of the area of the valleys and hills in the moiré corrugation of graphene on Ru(0001). Indeed, the area ratio of the valleys and the hills estimated from the charge density surface of graphene/Ru(0001) at the turning point of Ar beam shown in Fig. 2(c) [38] reveals that the ratio of the valley and the hill to be approximately 0.77:0.23, which matches the ratio of the two components in the SSM analysis. Furthermore, a similar value has been reported for the branching ratio of C1s photoemission spectrum in this system [17, 33] . The splitting of the C1s spectrum has also been interpreted as due to the presence of the two distinct regions, i.e., weakly and strongly interacting portions of graphene, in the moiré corrugation of the graphene.
Thus, our analysis of Ar scattering on gr/Ru(0001) using two-mass SSM reveals that the topmost surface can be modeled as a mixture of two regions with different effective mass, and that these two regions are, most likely, the valley and hill regions of the moiré corrugation of the graphene. In addition, the two-mass analysis suggests that the effective mass of the hill region is similar to that of HOPG, while a very large effective mass is found for the valley region. We therefore find that the hill region of the graphene is well decoupled from the substrate and possibly supported by van der Waals forces. However, the valley region seems to be tightly bound to the substrate. This fact contributes to the high reflectivity of the He beam, making this system attractive as a possibility for a mirror of a He atom microscope [35, 36] .
Here we briefly discuss the applicability of this technique to molecular layers in general. In the case of a monolayer of (small) molecules, He atom scattering sensitively detects the Einstein-like vibrational modes of the molecule, therefore probing the molecule-substrate bonding [4] . It is then important to determine the lateral resolution of the molecule-substrate bonding in this technique. Since the atomic projectiles interact with several surface atoms in one collision event, the intrinsic resolution is limited. Therefore the intramolecule resolution of the molecule-substrate bonding will be difficult to determine, although not impossible. On the other hand, the aforementioned sensitivity to the moiré distribution of the graphene-substrate bonding indicates that lateral resolution is better than 3 nm. Therefore, molecular-level resolution of the molecule-substrate interaction will eventually be achieved, and this can be utilized in the determination of the molecule-substrate bonding in inhomogeneous systems, such as amorphous layers or molecules on inhomogeneous substrates, that appear in more realistic systems.
E. Xe scattering
Similar results were also obtained for Xe scattering, as shown in Fig. 5 . Figure 5(a) shows an angular distribution spectrum for 507 meV Xe scattering from HOPG with a surface temperature of 300 K. The SSM calculation, which is the solid line, fits the data quite well with an effective mass of 252 amu, which is equal to the mass of 3.5 graphene rings. Figure 5 (b) shows similar angular distribution data for Xe scattering from graphene covered Ru(0001) at 507 meV. As pointed out previously for Ar scattering from gr/Ru(0001), the single peak is narrower and nearer to the specular position than that for scattering from HOPG, and there is a very marked asymmetry in the tail of the peak at supraspecular angles. The SSM calculation shown as a dashed curve, with an effective mass of 720 amu (approximately 10 graphene rings) qualitatively explains the narrower peak and its nearer to specular position. However, it does not explain the large-angle asymmetry evident in the experimental points. Using the two-mass model described for the case of Ar scattering, the entire spectrum is well explained as shown by the combined contributions in the solid line. In Fig. 5(b) the dotted curve shows an SSM contribution equal in intensity to 0.15 of the principal contribution in the dashed curve, and this secondary contribution is calculated with the HOPG effective mass of 252 amu. The solid curve is the sum of both the principle contribution with an effective mass of 720 amu and the secondary contribution with effective mass of 252 amu. Note that the latter effective mass is the same as that of HOPG, again indicating the decoupled nature of the hill region. The valley-hill ratio deduced from the Xe scattering is 0.83:0.17, which differs slightly from the results from the Ar scattering. This difference may be due to the difference in the potential energy surface at the turning points of these projectiles. However, from Fig. 2(c) it is found that the shape of the potential energy surface at the turning point of Xe does not differ so much from that for Ar. Therefore, the difference is more likely to be due to the small signal to noise ratio in the Xe experiment.
F. Possible effects from rainbow scattering
The above discussion reveals that Ar and Xe scattering from gr/Ru(0001) is well reproduced using the SSM under the assumption that the in-plane distribution of the surface effective mass due to the moiré pattern can be represented by a combination of two different masses. However, the asymmetry in the Ar and Xe scattering from gr/Ru(0001) might also be due to the geometric corrugation corresponding to the moiré pattern corrugation, namely, due to classical rainbow scattering. We simulated the effect of classical rainbow scattering using the washboard model of Tully (WBM) [48] assuming a sinusoidal corrugation approximating the electronic density surface. For the surface corrugation, we used an amplitude of 0.15 nm and a period of 3 nm, based on the calculated charge density surface shown in Fig. 2(c) . The results of the simulations of Ar scattering spectra from gr/Ru(0001) using the WBM are displayed in Fig. 6 together with the experimental spectrum. The figure shows that the overall fitting is not particularly good, and all spectra simulated by the WBM exhibit much wider peak widths than the experimental spectrum, even though we simulated various surface effective masses. In particular, classical rainbow scattering produces a strong peak at scattering angles smaller than specular position, which is absent from the experimental data. Thus, the simple sinusoidal surface corrugation model does not seem to provide a particularly good explanation of Ar and Xe scattering from the moiré corrugation.
IV. SUMMARY
We have demonstrated that, because of high sensitivity to vertically polarized vibrations of the graphene layer, quantum Fig. 4 for Ar scattering from a graphene layer on Ru(0001). The smooth curves are calculations for different effective masses as explained in the text. mechanical and classical rare-gas atom scattering can be useful tools for probing graphene-substrate interactions. Using He scattering, we found that D-W attenuation of the diffraction intensity by gr/Pt(111) was similar to that of HOPG, but it was much weaker for gr/Ru(0001). These findings appear to reflect the differences in the graphene-substrate interactions, which characterize the vertical vibrations. The deduced surface Debye temperature of gr/Pt(111) (580 ± 70 K) was similar to that of HOPG (480 ± 70 K), but that of gr/Ru(0001) is much larger (1130 ± 50 K), suggesting that the interlayer interaction of gr/Pt(111) was van der Waals-like while that in gr/Ru(0001) was much stronger.
From the results of inelastic Ar scattering, we deduced that the surface effective mass of gr/Pt(111) (94 amu) was similar to that of HOPG (90 amu), while that of gr/Ru(0001) (281 amu) was approximately three times larger than that of HOPG. This also confirms that graphene is almost freestanding on Pt(111), while it is strongly bonded to Ru(0001). Furthermore, Ar and Xe scattering from gr/Ru(0001) could be described as an in-plane distribution of the effective mass corresponding to the moiré pattern, revealing the presence of an in-plane distribution of the graphene-substrate interaction corresponding to the moiré corrugation. We found that the hill region of graphene was decoupled from the substrate, while the valley region was tightly bound to the substrate; this leads to a heavier effective mass and contributes to high reflectivity for a He beam. These findings indicate strong potential of atom scattering to probe and evaluate the interlayer bonding and its lateral distributions.
